Solid oxide fuel cells (SOFC) can convert any combustible fuel directly into electricity through electrochemical oxidation reactions, thereby providing very high electrical efficiencies. [1] [2] [3] The factor limiting overall performance of SOFCs is often the slow oxygen reduction kinetics on the fuel cell cathode, especially for operation at lower temperatures (T ≤ 1073 K). While Sr-doped LaMnO 3 (LSM) based cathodes are still widely used, significantly lower cathode overpotentials can be achieved with alternative perovskite materials, such as Sr-doped LaFeO 3 (LSF), LaCoO 3 (LSCo), or LaCo 1−y Fe y O 3 (LSCF). In addition to having high electronic conductivities (e.g. 80 S/cm for La 0.8 Sr 0.2 FeO 3 at 973 K in air 4 ), these materials possess significant oxygen-ion conductivities (8.3 · 10 −4 S/cm for La 0.8 Sr 0.2 FeO 3 at 973 K in air 4 ), which extends the active region in the electrode from the immediate vicinity of the three-phase boundary (TPB) region further across the perovskite surface. 3, 5, 6 However, there is evidence that the rate-limiting step in composite cathodes based on these mixed conductors is the oxygen reduction reaction at the surface and not oxygen-ion diffusion through the perovskite phase. [3] [4] [5] [7] [8] [9] [10] [11] [12] [13] [14] [15] FeO 3 into porous yttria-stabilized zirconia (YSZ) was identical at 973 K despite the fact that the ionic conductivities of these materials vary by a factor of 30. 4 Additional evidence that a surface process limits cathode performance comes from the strong dependence of cell impedance on the surface area of the perovskite phase of the composite cathode 4 and by the fact that cathode performance can be enhanced by the addition of various promoters onto the surface of the electrodes. 7, 9, [16] [17] [18] [19] [20] [21] [22] [23] [24] Finally, a number of mathematical models have stressed the importance of maximizing the electrode active area 7, 8, 25, 26 and point to the adsorption of molecular oxygen on a perovskite vacancy site as the most probable rate-limiting step. 7, 8, 10 Despite a large amount of work aimed at characterizing the oxygenreduction reaction on various materials, there is still much that is not known about the reaction or how to promote it. Characterization of oxygen reduction on working electrodes can be particularly difficult because high performance SOFC cathodes are usually composites of the conductive perovskite and the electrolyte material (e.g. YSZ) and have a relatively complex structure. To simplify the study of SOFC cathodes, our research group has focused on composite cathodes prepared by infiltration of the perovskite into a porous scaffold of the electrolyte. 3, 4, [7] [8] [9] [27] [28] [29] [30] [31] [32] [33] One of the advantages of preparing electrodes by infiltration is that the electrolyte scaffold can be calcined separately at very high temperatures, prior to the addition of the perovskite, so that the structure of the electrolyte phase can be fixed independently from that of the perovskite phase. Of the various perovskites that are of interest, our group has focused on LSF because it does not react with YSZ at temperatures below 1373 K, 27, 28 allowing changes in perovskite microstructure to be examined by varying the calcination temperature of the electrode after infiltration. 3, 4, [27] [28] [29] [30] [31] [32] [33] Past work has shown that high calcination temperatures (e.g. 1373 K) dramatically decrease the surface area of the LSF phase and lead to a significant increase in the non-ohmic electrode resistance at open circuit. 4, [7] [8] [9] 27, 28, [31] [32] [33] [34] It is important to point out that due to the relatively simple microstructure, the electrochemical characteristics of infiltrated SOFC cathodes can be described in terms of mathematical models with no or very few fitting parameters. 7, 8, 25, 26 The electrode kinetics do not exhibit Tafelian behavior and the oxygen reduction reactions should not be described in terms of Butler-Volmer kinetics. 7, 8, 35 In the present work, we have examined the oxygen-reduction reaction on an LSF-YSZ cathode by measuring the electrode performances using two different approaches. First, we have examined the impedance spectra as a function of p(O 2 ) on composites that have been calcined at either high (1373 K) or low (1123 K) temperatures. The p(O 2 ) dependences were distinctly different for these two cases, indicating that there is a different rate-limiting step. Second, we have used Atomic Layer Deposition (ALD) of Al 2 O 3 to form inert blocking layers that partially cover the electrode surface. Because ALD involves a reaction between the film precursor and the surface, submonolayer to multilayer, conformal Al 2 O 3 films could be deposited over the electrode surface, so that the electrode impedance could be measured as a function of the fraction of the surface that was covered. The results for LSF-YSZ electrodes that had been calcined at 1123 K and then partially covered with Al 2 O 3 were found to be very similar to those for electrodes calcined at higher temperatures without the addition of Al 2 O 3 . This suggests that the effects on electrode performance due to changes in the LSF surface area are similar whether that change in area results from increased calcination temperature or to blocking of the area by inert species. Additionally, it is shown that polarization irreversibly disrupted the Al 2 O 3 film, demonstrating that the cathode surface must undergo restructuring upon polarization.
Experimental
Cell preparation and characterization.-All of the electrochemical measurements in this study were performed using symmetric cells in which the electrodes were prepared by infiltration of nitrate solutions into a porous electrolyte matrix. The first step in cell preparation involved the fabrication of a porous-dense-porous structure of the YSZ electrolyte using tape-casting methods. The tapes for the porous YSZ were prepared by mixing 8 mol.% YSZ powder (Tosoh), a solvent mixture (ethanol and xylenes, Sigma Aldrich), dispersant (Menhaden Fish Oil, Richard Mistler, Inc.), binder (PVB B98, Richard Mistler, Inc.), plasticizers (benzyl butyl phthalate and polyethylene glycol MW = 400, both from Sigma Aldrich), and a pore former (synthetic graphite (300 mesh, Alfa Aesar) and rice starch (Sigma Aldrich) in a weight ratio of 1:2). A detailed description of the tape-casting and lamination procedure is available elsewhere. 29, 31, 32 The resulting slurry was tape cast and then laminated onto both sides of a YSZ green tape that did not contain pore formers. After sintering at 1773 K for 4 hours, the middle YSZ layer became dense and the porous YSZ scaffolds remained 65-70% porous with a surface area of 0. 48 Citric acid, in a 1:1 ratio with the metal cations, was used as a complexing agent in order to assist the formation of the perovskite phase at lower temperatures. 29 Infiltration steps were followed by a 0.5-h heat-treatment at 723 K to decompose the nitrates. This procedure was repeated until a loading of 35-wt% LSF was achieved. The composites were then calcined to either 1123 K or to 1373 K for 4 hours. The characteristics of LSF-YSZ electrodes prepared by these methods have been described in detail in other publications. [7] [8] [9] 27, [31] [32] [33] Electrochemical impedance spectra of the symmetric cells were recorded using a Gamry Instruments potentiostat in the frequency range of 0.01 Hz to 300 kHz. All symmetric cell impedances have been divided by two to account for there being two identical electrodes. Silver wires (Strem Chemicals) were attached to both sides of the symmetrical cell with silver paste (SPI Supplies) for current collection, as in earlier publications from our group.
3,4,7-9,28,29,32-34 All measurements were conducted in a two-electrode setup; no reference electrode was used. The effect of oxygen partial pressure on electrode performance was studied by mixing O 2 (99.8%, Airgas) and N 2 (99.999%, Airgas) in the desired ratios. Ambient air and 5% O 2 in Ar mixture (Airgas) were used as reference for p(O 2 ) = 0.21 atm and p(O 2 ) = 0.05 atm. The sample was allowed to equilibrate for 15 minutes in each atmosphere before impedance measurements were conducted.
Electrode modification by ALD.-To further characterize surface processes on the performance of infiltrated LSF-YSZ electrodes, we examined the effect of depositing Al 2 O 3 blocking layers over the electrode by ALD. Because ALD can be used to form conformal surface layers over porous surfaces at relatively low temperatures, [36] [37] [38] [39] [40] [41] 423 K in this case, there should be no mixing of the Al 2 O 3 into the LSF bulk during Al 2 O 3 deposition. Therefore, only surface processes should be affected by the presence of the Al 2 O 3 layers. Al 2 O 3 was chosen because it is expected to act primarily as a physical blocker of electrochemical reactions on the surface of the perovskite, and not form a chemical compound with the LSF or act as a catalyst for O 2 adsorption. 24 As an added benefit, the deposition of Al 2 O 3 using trimethyl aluminum (TMA) and water as precursors is one of the most thoroughly characterized ALD systems. 36, 39 The reaction between TMA and the substrate is rapid and has been shown to work well on a large number of different substrates. 39 The films were deposited by alternating exposures to water and TMA (Cambridge Nanotech) using a commercially available system (Savannah 200, Cambridge Nanotech). The reactants were maintained at room temperature, resulting in vapor pressures of about 20 Torr and 11 Torr, respectively, inside the sample containers. 41 The deposition chamber was maintained at 423 K and at a base pressure of 0.08 Torr with a N 2 flow of 5 mL/min. Each deposition cycle consisted of the following steps: 1) stop N 2 flow, 2) pulse water for 15 ms, 3) wait 25 s to achieve uniform coverage throughout the porous sample, 4) purge chamber with N 2 for 10 s, 5) stop N 2 flow, 6) pulse TMA for 15 ms, 7) wait 25 s, 8) purge chamber with N 2 for 10 s. Increasing the duration of steps 3 and 7 to 50 s did not affect the amount deposited per cycle, suggesting that 25 s reaction time was enough to achieve uniform deposition throughout the porous LSF-YSZ electrode. After electrochemical testing, the silver current collectors were carefully removed and the same cells were subject to another series of TMA/water treatments.
The amount of Al 2 O 3 deposited by ALD was quantified gravimetrically. The measurements were performed using porous YSZ slabs, 10 × 3 × 3 mm in size, that were prepared from the same slurry used for the preparation of the porous electrodes. The slabs were infiltrated with LSF to a weight loading of 35 wt% and calcined to 1123 K for 4 hours. The specific surface area of each infiltrated slab was determined from Brunauer-Emmett-Teller (BET) isotherms to be 1.75 m 2 /g using Kr adsorption at 77 K. 42 The weight of the infiltrated slabs was then measured as a function of the number of ALD cycles. These gravimetric measurements indicated that the Al 2 O 3 coverage increased linearly between 1 and 50 cycles, by 1.1 Al atoms/nm 2 per cycle. This corresponds to a surface coverage of roughly 10% of a monolayer per cycle.
An estimate of the fraction of the LSF remaining uncovered following a given number of Al 2 O 3 deposition cycles was also determined using NO 2 titrations. The hypothesis behind this technique is that NO 2 reacts with oxygen vacancies on the LSF surface to form NO and fill the vacancy, and that surface sites covered by Al 2 O 3 would not be reactive. For these experiments, we prepared a pellet made from LSF powder synthesized from the same nitrate/citric acid solution that was used to prepare electrodes by infiltration. After removing the water from the solution and heating the remaining solid to 973 K for 4 hours, the resulting LSF powder was pressed into disks, 1 mm in thickness, and then calcined to 1123 K for 4 h. The specific surface area of this material was determined to be 5.2 m 2 /g using the BET isotherms. Between 0.72 and 0.75 g of the LSF wafers were loaded into a quartz-tube flow reactor and flushed with dry He (Ultra High Purity grade, Airgas) for 1 h at 723 K using a flow rate of 10.5 mL/min. After cooling the sample to 473 K, the He gas stream was changed to a stream of 5.1% of NO 2 in He (Airgas) while monitoring the mass spectra of the outlet gases.
As shown in Figure The lag time between the observations of NO and NO 2 , 280 s in this example, was then used to calculate the number of sites that were titrated. The results in Figure 1c show that the lag time decreased significantly after 20 Al 2 O 3 ALD cycles had been added to the LSF.
The change in the concentration of LSF oxygen vacancy sites as a function of the number of ALD cycles is shown in Figure 2 . The exponential decrease in the site density with the number of ALD cycles suggests that the growth of Al 2 O 3 on LSF proceeds via random deposition over the entire surface. 39 Fitting the data in Figure 2 to such a model indicates that, on average, just 6% of the LSF surface is covered per cycle, implying that, even after 20 cycles, roughly a third of the surface remains exposed and potentially electrochemically active.
Results
Effect of calcination temperature on LSF-YSZ composite.-Previous studies have shown that the calcination temperature used to prepare the infiltrated LSF electrodes has a strong impact on the structure and surface area of the LSF phase and that the changes in turn strongly affect electrode performance. 4, [7] [8] [9] 27, 28, [31] [32] [33] [34] The changes in microstructure are demonstrated by the SEM micrographs of LSF-YSZ composites after calcination to 1123 K and 1373 K, presented in Figure 3 . For the 1123 K sample, the LSF particles are small, with a characteristic size of about 50 nm, and appear to coat the YSZ channels uniformly. The regions in the image without fine particles correspond to the YSZ fracture surfaces. After calcination to 1373 K, the microstructure changes dramatically and the LSF phase now appears to form a dense film over the YSZ scaffold. The BET surface areas of 35-wt% LSF-YSZ composites also showed a dependence on calcination temperature. After calcination to 1123 K, the surface area was 1.75 m 2 /g; this decreased to 0.48 m 2 /g after calcination to 1373 K. Interestingly, the surface area of the composite after treatment at 1373 K is similar to that of the empty YSZ scaffold, corroborating the fact that the LSF forms a dense film at this temperature. Figure 4 summarizes the electrochemical properties for the electrodes with the structures shown in Figure 3 . The measurements were conducted using LSF-YSZ symmetric cells at 973 K in pure oxygen atmosphere and the impedances have been divided by two to account for the presence of two electrodes. The non-ohmic impedance of the cell calcined to only 1123 K was significantly lower than that of the cell calcined to 1373 K, 0.24 · cm 2 versus 1.0 · cm 2 ; however, the corresponding ohmic resistances shown in Figure 4 were nearly the same, 0.23 · cm 2 and 0.25 · cm 2 , and very close to half that expected for a 80 μm YSZ film, 0.23 · cm 2 at 973 K. 43 The non-ohmic part of the spectrum for the 1123-K cell is dominated by single arc with a characteristic frequency of 7.5 kHz, although a much smaller high frequency arc may also be present. For the purposes of this study, we assume that the impedance is primarily due to a single process with a resistance, R p . In contrast, at least two processes with very different time constants are readily apparent in the spectrum of the 1373-K electrode. Since LSF does not react with YSZ at 1373 K 27, 28 and the YSZ scaffold, sintered to 1773 K, is microstructurally stable under these conditions, all changes in electrode performance can be related to changes in the microstructure of the LSF phase, as discussed elsewhere. atm O 2 to 0.81 · cm 2 in 0.01 atm O 2 . While there was some shift in the relative position of representative frequencies on the Nyquist plot, there were no dramatic changes in the shape of the spectra with pressure.
In contrast to the results for the 1123-K composite, the Nyquist plot for the 1373-K electrode changed significantly with decreasing p(O 2 ). First, the ohmic component increased from 0.25 · cm 2 at p(O 2 ) = 1 atm to 0.39 · cm 2 at p(O 2 ) = 0.01 atm, implying that there was a decrease in the conductivity of the LSF-YSZ. 10, 31 The increased ohmic resistance is observed here because the conductivity of LSF-YSZ electrodes prepared by infiltration are lower following calcination to 1373 K. 31 Second, there was a significant change in the shape of the non-ohmic part of the Nyquist plots with decreasing p(O 2 ). As noted above, there are at least two arcs in the spectrum for the 1373-K composite, corresponding to low (LF) and high (HF) frequency processes, with the LF feature gaining in prominence with decreasing p(O 2 ). To quantify the effect of p(O 2 ) on the impedance, the lengths of the LF and HF arcs were extracted from the spectra using a simple R (R HF Q HF )(R LF Q LF ) circuit. Here, R stands for the ohmic resistance, R HF and R LF are the impedances associated with the HF and LF process, and Q HF and Q LF are the corresponding constant phase elements. −0.43 . While lowfrequency electrode processes are often assumed to be associated with gas-phase diffusion limitations for anode supported cells with very thick electrodes, this is unlikely to be the case here. Although the p(O 2 ) dependence for a process limited by gas-phase diffusion could be −0.5 depending on the relative importance of Knudsen and molecular diffusion, diffusion limitations should be more important for the 1123-K composite due to its higher surface area and smaller pore structure. The absence of a low-frequency resistance for the 1123-K composite, therefore, argues against diffusion limitations making a significant contribution to the impedance spectra for these electrodes. Instead, we propose that the p(O 2 ) −0.5 dependence is associated with dissociative adsorption of molecular O 2 on the perovskite surface being the rate limiting step. This conclusion is consistent with previous results reported in the literature. 8, 10, 45 Additional information on the nature of the limiting electrode processes was obtained from impedance measurements with the symmetric cells at a p(O 2 ) of 0.05 atm, with an imposed current density of 100 mA/cm 2 . The results for the 1123-K and 1373-K electrodes are shown in Figure 7 . Obviously, the cells are no longer symmetric under these conditions, since one of the electrodes will be polarized anodically and the other cathodically. For the 1123-K electrodes, the impedance arcs were unaffected by the application of current (Figure 7a ), implying that charge-transfer steps are not rate limiting. The high-frequency arc in the impedance spectrum of the 1373-K electrode was similarly unaffected by the imposed current (Figure 7b ). We suggest that the limiting process corresponding to these two HF resistances is the diffusion of oxygen ions within the LSF phase, since ion diffusion is expected to be independent of the applied current and weakly dependent on p(O 2 ). 46 This conclusion is supported by a mathematical model of composite cathodes, developed by Bidrawn et al. in Ref. 8 , that suggests infiltrated electrodes are typically limited by O 2 adsorption except when the infiltrated perovskite has a very low ion conductivity. In contrast, the low-frequency resistance in the spectrum of the 1373-K cell decreases dramatically with applied current. This is again consistent with the LF process being associated with surface reactions, since electrode polarization will alter the concentration of vacancies within the perovskite, which in turn affects the rates of O 2 adsorption and desorption. 8 To summarize the conclusions from studies of p(O 2 ) dependence, LSF-YSZ composites that have been prepared by infiltration methods and calcined to only 1123 K exhibit a dominant, high-frequency arc in their impedance spectrum. The resistance associated with this arc is weakly dependent on p(O 2 ), unaffected by applied currents, and likely results from diffusion of oxygen ions within the perovskite phase. Calcination of these same LSF-YSZ composites to 1373 K results in microstructural changes in the LSF phase that are responsible for an additional, low-frequency arc in the corresponding impedance spectra. The resistance corresponding to this arc is due to adsorption limitations on the perovskite surface.
Inert Al 2 O 3 blocking layers.-Impedance measurements were performed on symmetric cells as a function of the number of ALD cycles. As discussed in the Experimental section, both gravimetric and NO 2 -titration measurements indicated that roughly 6 to 10% of the LSF surface was covered by Al 2 O 3 with each ALD cycle. Because there was evidence that the Al 2 O 3 film broke up at higher temperatures, initial experiments were carried out at 873 K before proceeding to higher temperatures.
The impedance spectra, measured in air at 873 K on 1123-K, LSF-YSZ composite electrodes, are shown in Figure 8 as a function of the number of ALD cycles deposited. To ensure that the changes were caused by the addition of Al 2 O 3 , impedance spectra were acquired on each cell used for the data in Figure 8 prior to adding Al 2 O 3 . The silver current collectors were then carefully removed and the cells exposed to a given number of ALD cycles before the electrochemical performance was again tested at 873 K. As expected, the addition of Al 2 O 3 blocking layers was found to adversely affect cell performance in a manner that increased with the number of ALD cycles to which the electrode was exposed. At 873 K (Figure 8a) , not shown). The only surprise in these results is that the increase in the impedances was greater than the fraction of the surface that was covered. Measurements performed at 973 K on these same cells, shown in Figure 8b , showed proportionally similar effects, with electrode resistances increasing from 0.15 ± 0.04 · cm 2 Figure 8 were heated to 1073 K, the effects of Al 2 O 3 addition decreased dramatically and remained low, even after cooling the cell back to 973 K. Figure 9 shows impedance spectra at 973 K in air for the cell with 5 ALD cycles, before and after heating to 1073 K. The impedance of the cell with Al 2 O 3 addition did not revert back completely to the original value, but it did decrease from 0.65 · cm 2 to 0.20 · cm 2 . This observation is consistent with the results shown in Figure 2 (open symbol), where an increase in free oxygen vacancy sites was observed after heating the LSF coated with 50 cycles of Al 2 O 3 to 1073 K. These results provide strong evidence that the deactivation associated with the addition of Al 2 O 3 at lower temperatures is due to physical blocking of the surface, since one might expect electrode deactivation to be more pronounced after heating if deactivation were due to a chemical process, such as reaction between Al 2 O 3 and LSF. 24 Assuming that deactivation is due to physical blocking of the surface by Al 2 O 3 , the performance recovery at 1073 K likely results from the Al 2 O 3 film breaking up due to thermally induced mechanical stresses. In Figures 8 and 9 , it is also important to notice the characteristic frequencies shift to lower values in the electrodes deactivated by Al 2 O 3 . In previous sections of this paper, it was shown that adsorption-rate limitations are associated with low-frequency processes. The adsorption rate must certainly be affected by adding Al 2 O 3 layers to the LSF surface. The changes in the characteristic frequencies are consistent with that conclusion and provide further evidence that the low-frequency processes are associated with adsorption.
We also examined the effect of current on the Al 2 O 3 -coated electrodes at 873 K, with results for a cell with 50 ALD layers summarized in Figure 10 . In these experiments, current was passed in both directions so that both electrodes of the symmetric cell would experience identical conditions. The electrodes had an initial non-ohmic impedance of 24.5 · cm 2 at zero current. After the application of 14 mA/cm 2 for 15 min in each direction, the total polarization resistance decreased by more than 40% to 14.4 · cm 2 . Further decreases in the resistance were observed as the magnitude of the current increased, reaching a minimum less than 20% of the initial impedance. It should be noted that LSF electrodes prepared by infiltration and calcination to 1123 K are not susceptible to polarization activation, as is commonly observed for materials such as Sr-doped LaMnO 3 9,30,47,48 or LaNi 0.6 Fe 0.4 O 3 . 34 Furthermore, the final resistance in Figure 10 did not increase again with time over a period of at least 24 h.
We attribute the observed changes in impedance with current to the breaking up of the conformal alumina film, caused by the partial reduction and restructuring of the LSF surface upon the application of current. These observations agree well with the recent results of Mutoro et al., who showed that the surface composition of perovskite materials, such as La 0.8 Sr 0.2 CoO 3 , changes significantly with electrical potential. 49 This is evidence that the perovskite surfaces used for SOFC electrodes can be restructured both thermally and electrochemically.
Discussion
There are several interesting implications that can be drawn from this study about LSF-YSZ electrodes prepared by infiltration methods. Based on the studies of p(O 2 ) dependence on electrode performance, there appear to be two sets of processes, one set of high-frequency processes associated with diffusion of ions within the electrode and one set of low-frequency processes associated with dissociative adsorption of gas-phase O 2 onto the perovskite surface. Depending on the surface area of the perovskite phase, one set of processes or the other can dominate the electrode performance. Calcination to higher temperatures decreases the surface area of the LSF phase, causing O 2 adsorption to be limiting. This is in agreement with conclusions from previous studies where the surface areas of both the LSF and perovskite scaffold were varied. 7, 8, 31 It has been shown here and in other studies that the resistance of the processes we are associating with gas-phase adsorption decreases dramatically with applied current, both anodic and cathodic. 9, 27, [29] [30] [31] [32] 34, 48 With cathodic polarization for an electrode that is limited by adsorption of O 2 , the perovskite surface will be reduced, causing an increase in the vacancy site concentration. 8 Since O 2 adsorption should be proportional to the concentration of vacancies, a decreased resistance is to be expected. However, the opposite should be expected for anodic polarization. We can only speculate as to why anodic polarization also decreases the resistance but it may be that new sites on the perovskite become accessible at the higher p(O 2 ). For example, one often observes a shift in the redox isotherm for perovskites like La (1−x) Sr x FeO (3−x/2) , from oxygen stoichiometries of (3−x/2) to 3, in the higher p(O 2 ) range. 50 Since the oxygen-exchange rate is the difference between the adsorption and desorption rates, population of these added sites could be important.
Several conclusions can also be reached from the ALD studies. First, any loss of LSF surface area, whether the loss is due to hightemperature sintering or to surface blocking by Al 2 O 3 , leads to increased electrode resistance. The performance of LSF-YSZ cathodes depends strongly on the availability of the perovskite surface within the electrode. As an increasing fraction of the surface becomes unavailable, either by being coated with an inactive species or through sintering, the surface-related, low-frequency surface process becomes increasingly more dominant. Furthermore, the impedance spectra collected after thermal deactivation and after an ALD treatment are very similar in shape and characteristic frequency.
It is interesting to compare the effect of decreasing the LSF surface area by covering it with Al 2 O 3 to the effect of decreasing the LSF surface area by thermal sintering. In a previous publication, 7 our lab reported the resistance of LSF-YSZ, prepared by identical methods to that used in the present study, as a function of the surface area of the electrode, varying the surface area by changing the calcination temperature. These data are reproduced in Figure 11 , together with the present data for 1123-K LSF-YSZ electrodes modified by ALD. With the ALD-modified electrodes, the electrode resistance is plotted as a function of the fraction of available sites, determined by NO 2 titration. While absolute comparisons are difficult, the plot does show remarkable similarities in the trends for the two sets of data. In both cases, the relationship between the availability of the LSF surface and performance is non-linear, and the polarization resistance increases dramatically after about a third of the initial LSF surface is covered or lost due to sintering. The difference in the absolute magnitude of the resistance is to be expected since the minimum achievable surface area is set by the surface area of the underlying YSZ backbone when the surface is decreased by thermal treatments. 32 Since the temperatures at which ALD was carried out are too low to result in any degree of Al 2 O 3 incorporation into the bulk of the perovskite phase, the deposited alumina can only affect processes occurring on the immediate surface of LSF. This implies that the electrochemically inactive oxide coating effectively modifies the net rate of oxygen adsorption onto the LSF surface. Some of us have previously argued that it is useful to use the flux of gaseous O 2 molecules to the surface, as determined by the Kinetic Theory of Gases, along with a reactive sticking coefficient (i.e. the probability that an oxygen molecule hitting the perovskite surface will adsorb) to express the adsorption rate, r ads , of O 2 on the electrode:
In this equation, M is the molecular weight of O 2 , R is the universal gas constant, T is temperature, and S is the sticking coefficient. Since oxygen adsorption is likely to occur at surface oxygen vacancy sites, it is expected that S will be proportional to the surface vacancy concentration, so that
. [2] Here, S 0 is the probability of adsorption on a vacancy site and
is the fraction of the surface that is vacancies. 8 This approach is consistent with previous studies that have shown that the surfaceexchange rates correlate with vacancy concentrations. 51 Note that since S is a probability, it must have value between 0 and 1.
The resistance of composites electrodes, R p , having a structure similar to that used in the present study has been calculated in terms S 0 .
where k = 0.0256 1 2 Pa 1 2 cm (at 873 K), p is porosity of the electrode, w is the characteristic length-scale of the electrolyte scaffold, τ is tortuosity for ion conduction, m is the reducibility constant of the perovskite material (defined as the slope of the plot of 3-δ vs log p(O 2 )), and σ YSZ is the ionic conductivity of the porous YSZ Figure 12 . According to the data, deposited coatings decrease the probability of oxygen adsorption onto the electrode surface, with the sticking coefficient after 50 ALD cycles (corresponding to an LSF surface availability of 0.24) being almost three orders of magnitude lower than that of an untreated LSF-YSZ sample.
There are various possibilities as to why the sticking probability would not decrease linearly with Al 2 O 3 coverage. For example, Equation 3 does not account for the fact that dissociative adsorption requires a pair of vacancy sites for the adsorption of O 2 . However, the logarithmic dependence in Figure 12 is still much stronger than the square dependence that would be expected for dissociative adsorption. Figure 12 suggests that each alumina species has a more long-ranging effect on electrode performance, possibly by modifying the energetics of neighboring sites.
Obviously, there is still much to learn about the processes responsible for the electrode impedances of perovskite-YSZ composites. However, we suggest that the tools discussed in this paper help provide insights into those processes.
Conclusions
Increases in the SOFC electrode resistances of LSF-YSZ composites caused by changes in the surface area of the LSF due to sintering were related to changes caused by Al 2 O 3 overlayers. In both cases, the losses in LSF surface area cause increases in the electrode resistance by limiting O 2 adsorption. The processes associated with O 2 adsorption are shown to have low characteristic frequencies that have sometimes been interpreted as resulting from diffusion limitations. Finally, the use of ALD overlayers on the electrode was used to show that the LSF film undergoes structural changes upon polarization.
